There is increasing evidence that many cancers, including breast cancer, contain populations of cells that display stem-cell properties. These breast cancer stem cells, by virtue of their relative resistance to radiation and cytotoxic chemotherapy, may contribute to treatment resistance and relapse. The elucidation of pathways that regulate these cells has led to the identification of potential therapeutic targets. A number of agents capable of targeting breast cancer stem cells in preclinical models are currently entering clinical trials. Assessment of the efficacy of the agents will require development of innovative clinical trial designs with appropriate biologic and clinical end points. The effective targeting of breast cancer stem cells has the potential to significantly improve outcome for women with both early-stage and advanced breast cancer.
INTRODUCTION
The past 20 years have seen significant reductions in mortality from breast cancer in the United States and elsewhere. 1 This reduction has been largely due to improvement in early detection and the development of more effective adjuvant therapies. 1 In addition, the development of therapies specifically tailored to target each of the molecular subtypes of breast cancer offers new hope for improved survival for patients with metastatic disease. These therapies include human epidermal growth factor receptor 2 (HER2) -targeting agents for HER2-overexpressing tumors, aromatase inhibitors, and third-generation hormonal therapies to target hormone-sensitive disease and poly(ADP-ribose) polymerase (PARP) inhibitors to target BRCA1-deficient and triplenegative breast cancers.
2 Despite these exciting developments and despite administration of adjuvant therapies, many women still experience relapse, and metastatic breast cancer remains a largely incurable disease. Emerging research suggests that one of the mechanisms accounting for treatment resistance is the existence of subpopulations within human breast cancers that display stem-cell properties. These breast cancer stem cells, by virtue of their relative resistance to conventional therapies, may contribute to treatment resistance and relapse. If this is the case, then the development of strategies to effectively target this cell population may improve patient outcome. In this article, we will review recent progress in the development of biomarkers to identify breast cancer stem cells, the use of model systems to elucidate pathways that regulate these cells, and the development of therapeutic agents to selectively target breast cancer stem-cell populations. We will also discuss the implications of cancer stem-cell models for clinical trial design.
IDENTIFICATION OF BREAST CANCER STEM CELLS
The cancer stem-cell hypothesis contains two separable but related components. The first, concerning the origin of cancers, holds that cancers arise in cell populations that either maintain or acquire the stem-cell property of self-renewal. The second is that resulting cancers are organized in a hierarchical fashion, in which self-renewing cancer stem cells drive the malignant process as well as generate a population of nonrenewing cells that form the bulk of the tumor. The development of biomarkers to identify breast cancer stem cells as well as validation of in vitro and mouse models has facilitated the isolation and characterization of these cells from murine and human tumors. The initial description of human breast cancer stem cells involved the prospective isolation of these populations by virtue of their expression of the cell surface markers ESA and CD44 and the absence of expression of the marker CD24. As few as 200 ESA 
/Lin
Ϫ cells were able to generate tumors in immunosuppressed nonobese diabetic/severe combined immunodeficient mice, whereas 100-fold more cells without these markers isolated from the same tumors were nontumorigenic. Furthermore, the tumor-initiating
population regenerated tumors that recapitulated the heterogeneity of the initial tumor.
3 More recently, the expression of aldehyde dehydrogenase (ALDH) as assessed by the Aldefluor assay (Stemcell Technologies, Vancouver, Canada) has been used to enrich for tumor-initiating human breast cancer stem-cell populations. Interestingly, these sets of markers identify overlapping but nonidentical cell populations. 4 Furthermore, there is evidence that different breast cancers may contain tumor-initiating cells that display different cell surface markers. 5, 6 Just as primary human tumors and xenografts have been demonstrated to contain cancer stem-cell populations, established breast cancer cell lines may also contain cellular hierarchies driven by a population expressing cancer stem-cell markers. In addition to tumor initiation, the cells also display increased metastatic potential. 5 The existence of molecularly characterized cell lines representing the different molecular subtypes of breast cancer has shed light on the potential heterogeneity of breast cancer stem cells. The expression of ALDH in basal but not most luminal cell lines parallels the expression of this marker in human breast cancer subtypes. 5 This may suggest a different cellular origin of these molecular subtypes.
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It is important to emphasize, however, that expression of molecular markers is highly dependent on the microenvironment, necessitating the use of functional assays for cancer stem cells. However, each of these functional assays also has limitations. In vitro assays include the ability of cancer stem cells to survive in anchorage independent conditions to clonally form floating colonies, which have been termed mammospheres, that can be serially passaged. 8 These in vitro assays have been validated by use of xenotransplantation models that have been considered the gold-standard assay for cancer stem cells. However, increasing evidence suggests an important role for the immune system in regulating cancer behavior pointing to the limitations of xenotransplantation models that utilize immunodeficient mice. Recently, breast cancer stem cells have been isolated from transgenic mouse models. These cells can be serially passaged in the mammary fat pads of syngeneic mice that have intact immune systems, providing a model which more closely simulates human disease. Interestingly, the normal mouse mammary stem cell has been characterized as EpCAM Ϫ /CD49f ϩ .
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In mouse tumorigenic breast cancers, cells expressing these stemcell markers are tumorigenic when transplanted into immunocompetent syngeneic mice.
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BREAST CANCER STEM CELLS AND TREATMENT RESISTANCE
The identification of cell surface markers for breast cancer stem cells as well as the development of in vitro and mouse models has facilitated studies examining the sensitivity of these cells to various treatment modalities. In vitro studies utilizing established cell lines and primary tumors have suggested that breast cancer stem cells are relatively resistant to radiation therapy and cytotoxic chemotherapy. 11 The decrease in pro-oxidants in CD44 ϩ
/CD24
Ϫ populations may contribute to their radiation therapy resistance. 11 This resistance may also be mediated by signaling through the Wnt pathway. 12 The use of neoadjuvant trial design (see Implications of Cancer Stem Cells for Clinical Trial Development) has permitted the clinical validation of the hypothesis that breast cancer stem cells are relatively resistant to cytotoxic chemotherapy. This was accomplished by ascertaining the frequency of cells expressing cancer stem cell markers before and after therapy. When using this approach, it has been reported that the percent of CD44 ϩ
Ϫ as well as mammosphere-forming cells increases after administration of neoadjuvant chemotherapy. 13 Furthermore, the molecular profile of tumors obtained after chemotherapy closely resembles the gene expression profile of untreated CD44 ϩ / CD24
Ϫ and mammosphere cells. 14 This profile is also expressed in Claudin low subset of breast cancers. Interestingly, this gene expression signature is also present in tumors remaining after neoadjuvant endocrine therapy utilizing aromatase inhibitors.
14 This suggests that hormone-sensitive breast cancers may contain populations of hormone-resistant breast cancer stem cells. The latter observation is supportive of preclinical data suggesting that some estrogen receptor (ER) -expressing breast cancer cell lines contained ER-negative cancer stem cells. 15 This pattern of expression recapitulates the cellular hierarchy present in the normal mouse and human breast, in which ER-negative stem cells lead to ER-positive luminal cells. 16 In these tumors, estrogen may indirectly affect ER-negative cancer stem-cell populations through production of paracrine factors by ER-positive bulk tumor cells. These studies have important implications for understanding the mechanisms of treatment resistance to hormone therapies.
In addition to differences in antioxidants, there are a number of molecular mechanisms that may account for the relative resistance of breast cancer stem cells to cytotoxic agents. 16 These cells are known to express a variety of cellular transporters, including breast cancer resistance protein, a relative of the multidrug resistance protein that can expel chemotherapeutic agents. In fact, increased breast cancer resistance protein expression accounts for the side population, which has been utilized to isolate breast cancer stem cells by flow cytometry. 17 ALDH, the stem cell marker described in the Identification of Breast Cancer Stem Cells section, is able to inactivate chemotherapeutic agents, such as cyclophosphamide. 18 Breast cancer stem cells may also express high levels of antiapoptotic proteins, such as survivin and BCL-XL. 19 In addition, there is evidence for increased efficiency of DNA repair and alterations in cell cycle kinetics in breast cancer stem cells, which may render them relatively resistant to radiation and cytotoxic agents.
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TARGETING BREAST CANCER SELF-RENEWAL PATHWAYS
The relative resistance of breast cancer stem cells to radiation and cytotoxic chemotherapy highlights the need to develop agents able to target this cell population. One of the defining characteristics of cancer stem cells is their ability to undergo self-renewal. During the past decade, a number of developmental pathways that regulate the selfrenewal of normal stem cells have been elucidated. These pathways include Wnt, Notch, and Hedgehog. Interestingly, dysregulation of each of these pathways in the mammary gland generates breast cancers in transgenic mice. [21] [22] [23] [24] Furthermore, there is evidence that these pathways are dysregulated in many human breast cancers.
25-27 A number of excellent reviews describing these pathways have been published, 27,28 and we will focus on a discussion of issues related to the utilization of these agents in clinical trials. Pathways regulating cancer stem cells and therapeutic agents targeting these pathways are illustrated in Figure 1 .
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There is substantial evidence that the Notch pathway is dysregulated in a substantial fraction of human breast cancers. 22, 29 Furthermore, Notch signaling may play a role in the self-renewal of breast cancer stem cells. Various approaches have been developed to inhibit Notch signaling. The most advanced clinically is the development of ␥ secretase inhibitors. Activation of Notch signaling depends on the proteolytic activity of ␥ secretase, which cleaves Notch receptors releasing their intracellular domains. The ␥ secretase inhibitors initially developed for the treatment of Alzheimer's disease have been administered to patients in early-phase clinical trials. The most significant adverse effect has been gastrointestinal toxicity resulting from goblet cell hyperplasia, an on-target effect of Notch inhibition. 30 However, this toxicity is schedule dependent, and use of an intermittent schedule, as well as the administration of highdose corticoidsteroids, has reduced this toxicity. 31 Phase I clinical trials are concurrently underway that combine a ␥ secretase inhibitor with taxane chemotherapy.
Another developmental pathway that regulates breast stem cells is the Hedgehog pathway. This pathway may function directly in tumor cells as well as in the tumor stroma. 32 Oral Hedgehog inhibitors have entered clinical trials and appear to be relatively nontoxic. 33 Phase II studies utilizing these compounds in combination with cytotoxic agents are in development.
HER2 SIGNALING AND BREAST CANCER STEM CELLS
One of the most significant advances in breast cancer therapeutics has been the development of HER2-targeted therapies for the treatment of HER2-overexpressing breast cancers. The addition of HER2-targeting agents, including trastuzumab and lapatinib, to conventional chemotherapy has improved progression-free survival and overall survival of patients with advanced disease. 34 Moreover, trastuzumab administered in the adjuvant setting has had a significant impact on reducing tumor recurrence. 35 Recent studies have suggested that the remarkable clinical efficacy of HER2-targeting agents may relate to their ability to target breast cancer stem cells. Studies have demonstrated an association between the expression of the stem cell marker ALDH1 in breast tumors and HER2 amplification. 36 Furthermore, although neoadjuvant studies using chemotherapy alone have demonstrated that chemotherapy results in a relative increase in the proportion of cancer stem cells, the addition of the HER2-targeting agent lapatinib to chemotherapy reduces this cancer stem-cell population. 36 This was associated with a significantly increased pathologic complete response rate, a clinical end point that has been associated with decreased relapse in other studies. 36 A molecular explanation for this was suggested by Korkaya et al, 36 who demonstrated that transfection of HER2 into breast cancer cell lines increased the cancer stem-cell population and resulted in increased invasion and metastasis and that trastuzumab reduced the cancer stem-cell population in HER2-overexpressing breast cancer cell lines.
Despite the remarkable clinical efficacy of HER2-targeting agents, one third of HER2-positive tumors do not respond to HER2-targeting agents, and resistance may develop in patients with chronic exposure. Studies have found that nearly 50% of patients who respond to HER2-targeted agents relapse within a year. 37 The mechanism of resistance to HER2-targeted agents is not entirely clear. However, increasing evidence indicates that resistance may be associated with loss of the PTEN tumor suppressor gene, gain of function involving somatic mutations of PI3K, or truncation of the extracellular domain of HER2. 37 These mutations result in aberrant activation of the downstream PI3K/Akt pathway and are associated with poor prognosis after trastuzumab therapy. 37 Indeed, recent evidence has indicated that the PI3K/Akt pathway plays a pivotal role in breast cancer stem-cell regulation. This occurs through Akt activation of the Wnt pathway through phosphorylation and inactivation of GSK/3␤ as well as direct phosphorylation of ␤-catenin on serine 552 which facilitates its nuclear transport. 38 This suggests that inhibiting Akt downstream of HER2 signaling may effectively target breast cancer stem cells in HER2-resistant tumors. Indeed, the Akt inhibitor perifosine has been demonstrated to be able to effectively target the breast cancer stem-cell population in breast tumor xenografts. 38 A number of PI3K and Akt selective inhibitors are currently entering clinical trials allowing for the direct assessment of the effects of these agents on breast cancer stem cells.
TARGETING THE BREAST CANCER STEM CELL MICROENVIRONMENT
In addition to intrinsic signals regulating breast cancer stem cells, these cells are regulated by elements in the tumor microenvironment. The microenvironment surrounding stem cells has been termed the stemcell niche. In tumors, this niche contains a variety of cellular elements that includes inflammatory cells, fibroblasts, endothelial cells, and mesenchymal stem cells. 39 Iterative interactions between tumor stem cells, their differentiated progeny, and the microenvironment regulate cellular function through paracrine interactions. Some of these interactions involve signaling pathways described in Targeting Breast Cancer Self-Renewal Pathways, including Wnt, Notch and Hedgehog. In addition, inflammatory cells, fibroblasts, and mesenchymal stem cells may interact with cancer stem cells through cytokine loops. Mesenchymal stem cells may be derived from the normal breast stoma or may be recruited from the bone marrow. 40 Several inflammatory cytokines, including interleukin IL-6 and IL-8, are demonstrated regulators of breast cancer stem cell self-renewal in in vitro and xenograft models.
38, 41 In addition, chemotherapy-induced cytotoxicity may result in increased local IL-8 production, which may contribute to the increase in cancer stem-cell populations after chemotherapy. 38 Serum levels of IL-6 and IL-8 in patients with advanced breast cancers have been associated with development of metastasis and poor outcome. [42] [43] [44] These cytokines are also increased with chronic inflammation and obesity, conditions associated with increased breast cancer risk. 38 Interestingly, it has recently been reported that increased serum levels of markers of chronic inflammation, such as C-reactive protein (CRP) and ␤-amyloid, are associated with relapse in women with early-stage breast cancer.
45-48 Because IL-6 and IL-8 serum levels are correlated with CRP, the effect of these inflammatory cytokines on breast cancer stem cells might contribute to these clinical observations. These studies suggest that cytokine loops play an important role in regulating cancer stem cells in the cancer stem-cell niche and that developing strategies to interfere with these loops may provide a novel strategy to target cancer stem-cell populations. Interestingly, agents such as statins, which have antiinflammatory effects, have been reported to decrease breast cancer risk. 49 Statins lower levels of inflammatory cytokines, as reflected by lowered CRP levels. 50, 51 It has also recently been reported that antibodies to the IL-8 receptor CXCR1 or the small molecule CXCR1/CXCR2 inhibitor repertaxin are to be able to target breast cancer stem cells in xenograft models inhibiting tumor growth and metastasis. 38 Repertaxin was developed to prevent graft rejection and has been reported to be relatively nontoxic in phase I clinical trials. In addition, monoclonal antibodies targeting IL-6 or its receptor are currently being evaluated in clinical trials for multiple myeloma. 52 This suggests that agents designed to target inflammatory cytokines in the breast cancer stem-cell niche will be available for clinical testing.
IMPLICATIONS OF CANCER STEM CELLS FOR CLINICAL TRIAL DEVELOPMENT
The majority of cancer chemotherapeutic agents have been developed by virtue of their ability to cause tumor regression. The efficacy of these agents in clinical trials has been evaluated on the basis of RECIST (Response Evaluation Criteria in Solid Tumors), which reflects tumor size as ascertained by direct measurement or through radiographic imaging. Because tumor size is largely determined by bulk cell populations, it follows that tumor regression largely reflects changes in this population rather than in the rarer cancer stem cells that may drive tumor growth and metastasis. This may explain why, in many solid malignancies including breast cancer, tumor regression does not necessarily translate into increased patient survival. 53 , 54 The identification of breast cancer stem-cell biomarkers may allow for direct assessment of therapeutic effects on this cell population. The use of neoadjuvant clinical trial designs in which tumor stem-cell populations can be compared in tumor tissue obtained before and after therapy provides an excellent model to assess activity of breast cancer stem-cell directed therapies. Furthermore, in this setting, complete pathologic response (CPR) is a validated clinical end point, because CPR is associated with reduced recurrence rate. The dramatic increase in CPR rates with addition of HER2-targeting agents in HER2-positive breast cancer supports this concept. 13 One of the challenges of assessing effects of therapies on breast cancer stem cells is the difficulty of obtaining tissue samples in patients with metastatic disease. Circulating tumor cells (CTCs) may provide a readily obtainable source of such material. However, isolation of breast cancer stem cells from CTCs presents several technical challenges. A number of existing technologies, including the approved Cell
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Search assay (Veridex, Raritan, NJ), use positive selection with Ep-CAM antibody to isolate CTCs. Because some breast cancer stem cells have been reported to be EpCAM negative, 9 such assays may miss this cell population. In addition, a number of markers of breast cancer stem cells, including CD44 and ALDH1, are also expressed in hematopoietic stem and progenitor cells, which necessitates the complete elimination of these cell populations before analysis. In spite of these technical challenges, there have been reports of enrichment of breast cancer stem cells in CTC populations compared with matched primary tumors defined by their expression of the markers CD44 ϩ / CD24
Ϫ or ALDH1 ϩ . 55 The ability to isolate and access molecular markers in circulating breast cancer stem-cell populations may facilitate pharmacodynamic studies that assess the effects of therapeutic agents on critical cancer stem-cell breast cancer stem-cell regulatory pathways.
ADJUVANT THERAPIES
Cancer stem-cell models have important implications for the development of adjuvant therapies. In the current paradigm of drug development, agents that cause tumor shrinkage in the metastatic setting are administered in the adjuvant setting immediately after removal of the primary tumor in an effort to prevent tumor recurrence. This approach is based on the assumption that all cells within a tumor have similar tumor-initiating and metastatic potential; thus, agents that cause tumor regression will also show efficacy in the adjuvant setting. However, as indicated in the Implications of Cancer Stem Cells for Clinical Trial Development section, tumor regression in the advanced setting largely reflects the effect of agents on bulk tumor populations. In contrast, tumor recurrence and metastasis may be driven by the cancer stem-cell population. If this is the case, then agents that target cancer stem cells may be much more effective when administered in adjuvant than in the metastatic setting. This is illustrated graphically in Figure 2A . An agent that only targets cancer stem cells and not bulk tumor cells would be predicted to have only modest effects on tumor size but could have dramatic effects in preventing recurrence in the adjuvant setting. In contrast, agents which primarily affect bulk populations rather than cancer stem cells may cause tumor regression but may be less effective when administered in the adjuvant setting. Bulk tumor cell populations, although not capable of self-renewal, may In tumors currently classified as HER2-negative (ie, IHC1/2ϩ or FISH negative), HER2 may be selectively expressed in CSC but not bulk cell populations. In these tumors, HER2-targeting agents may be effective when administered in adjuvant but not advanced settings. In contrast, in truly HER2-negative tumors (HER2 0 by IHC), HER2-targeting agents would be predicted to be ineffective in both adjuvant and advanced settings.
nevertheless be able to undergo a limited number of cell divisions. This may be evaluated as tumor progression even if cancer stem cells have been effectively targeted. This might result in a patient being taken off therapy or a clinical trial being terminated because of tumor progression. If clinical trials only utilize tumor size as an end point, then they may fail to identify effective stem cell-targeting agents. These concepts are illustrated graphically in Figure 2A . The use of CTC-targeting agents in the adjuvant and neodjuvant settings will require judicious monitoring of long-term toxicity in this potentially curable patient population.
The important implications of cancer stem-cell models for patient selection are illustrated by current guidelines regarding selection of patients for therapy with HER2-targeting agents. Currently, use of these agents is limited to patients whose tumors display HER2 amplification as determined by fluorescence in situ hybridization or are 3ϩ by immunohistochemistry. This patient selection was based on evidence in metastatic disease that clinical benefit from the HER2-targeting agents, such as trastuzumab or lapatinib, occurs primarily in women with HER2-amplified breast cancer. This has resulted in routine testing of breast cancer for HER2 amplification. On the basis of the studies in advanced disease, the addition of HER2-targeting agents in the adjuvant setting has been limited to women whose tumors display HER2 amplification. Recent reports, however, suggest that women with HER2-negative breast cancer who did not meet established criteria for HER2-positive disease on central review received as much clinical benefit from adjuvant trastuzumab as those women with HER2-amplified tumors. 56 Although these studies require validation by randomized trials, preclinical studies by Magnifico et al 57 and others 38 have suggested a potential explanation for these observations that is consistent with the cancer stem-cell model. In breast cancers without HER2 amplification, HER2 may be selectively expressed in breast cancer stem cells. In these cells, HER2 expression is regulated by Notch signaling. 57 In these tumors, HER2-targeting agents may selectively target the cancer stem-cell population, which could account for the efficacy of HER2 blockade in the adjuvant setting in tumors without HER2 amplification, in which HER2 is selectively expressed in the cancer stem-cell population (Fig 2B) . Furthermore, because HER2 expression is regulated by the Notch pathway, the addition of Notch inhibitors to HER2-targeting agents in this setting represents a rational therapeutic approach (Fig 1) .
COMBINATION THERAPIES
We have highlighted the development of therapeutic agents that target cancer stem-cell populations. However, this does not imply that the elimination of bulk tumor populations is not of therapeutic benefit. Indeed, in metastatic disease, symptoms are largely caused by these bulk tumor populations. Thus, tumor regression may be associated with improved quality of life. Furthermore, there is evidence that more differentiated cancer cell populations may acquire cancer stem cell properties through epithelial mesenchymal transition. 58, 59 This highlights the need to target bulk, as well as cancer stem-cell, populations. The combination of cancer stem cell-targeting agents with cytotoxic chemotherapy and/or radiation therapy may provide a means of targeting both cell populations. Furthermore, cancer stemcell populations may evolve during tumor development and therapy, resulting in the generation of multiple cancer stem cell clones within an individual tumor. In addition, cancer stem-cell regulatory pathways are highly interconnected, which suggests that the use of combinations of targeting agents may be necessary to effectively eliminate this cell population. The development of personalized therapy, therefore, may require molecular analysis of cancer stem-cell populations in each patient's tumor. Despite these challenges, the development of stem cell-targeted therapeutics has the potential to significantly improve outcome for patients with both early-stage and advanced breast cancers. As summarized in this review, a number of agents targeting cancer stem-cell pathways are now entering clinical trials. These studies will indicate whether effective targeting of breast cancer stem cells improves patient outcome. 
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